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Abstract of a Dissertation submitted in partial fulfilment of the 
requirements for the Degree of Bachelor of Agricultural Science with Honours. 
Abstract 
Dry matter production and weed suppression of 
 multi-species pasture mixtures 
 in the first year of growth 
 
by 
Susan Kate Dalgety 
 
Perennial ryegrass, plantain, white clover and red clover were grown in monocultures and up to four- 
species mixtures in Canterbury, New Zealand. The dry matter production and weed content for the 
first year of growth (2015-2016) were measured. The species were sown based on a simplex mixture 
design that included all possible combinations of each species. Statistical analysis was performed on 
the data and a special cubic model was created. Mixtures were found to have greater annual yields 
and weed suppression than monocultures. All four of the monocultures had similar annual yields 
(average 16194 kg DM/ha), but they had different weed contents. The red clover and white clover 
monocultures had higher weed contents (average 15%) than plantain and ryegrass (average 3%). 
Success in the two-species mixtures was determined by the type of the ingredient species. Two-
species mixtures containing a legume and a non-legume had greater annual yields (average 22849 kg 
DM/ha) than mixtures that contained two legumes or two non-legumes (average 17270 kg DM/ha). 
The white clover-red clover mixes and the ryegrass-plantain mixes performed similarly and were no 
better than the best performing monoculture. There was no difference in annual yield of ryegrass or 
plantain with white clover or red clover. All of the mixtures suppressed weeds well, except for the 
white clover and red clover two-species mixture, which was the only mixture to have a greater weed 
content than 5%, with a mean weed content of 18%. There was a yield advantage of including up to 
three species in a pasture mix, greater species richness than this prodivided no added yield 
advantages. There was greater weed suppression with two-species mixtures, but more species in the 
mix had similar weed contents. Evenness of species proportions in the mixtures had no effect on 
yield or weed supression. Ryegrass, plantain and white clover mixes were sown in alternate rows to 
test for an effect of species separation. There was found to be no difference in annual yield and weed 
content between mixtures that had species sown together and species sown apart. The model was 
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used to get an optimum pasture mixture of 30% perennial ryegrass, 30% plantain and 40%, which 
gave a predicted annual yield of 25974 kg DM/ha. 
Keywords: Tetraploid perennial ryegrass, plantain, white clover, red clover, legume, herb, annual 
yield, monoculture, species separation, alternate row.  
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Chapter 1 
Introduction 
Throughout New Zealand perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens 
L.) have been grown as a traditional pasture mix. However, with pasture-based farming becoming 
more intensive over the last 40 years (MacLeod & Moller 2006)  farmers want high performance 
pastures that produce a high quantity and quality herbage all year round.  Ryegrass and white clover 
tend to have poor nutritive value and low production during summer and autumn (Cranston et al. 
2015). Therefore farmers look for alternative species to include in a mixture, such as red clover 
(Trifolium pratense L.), plantain (Plantago lanceolata L.) and chicory (Chichorium intybus), which have 
higher nutritive value and dry matter production during the summer and autumn (Cranston et al. 
2015) . In New Zealand there is limited knowledge surrounding pasture mixtures and when designing 
pasture mixtures, agronomists typically recommend perennial ryegrass and white clover with 
perhaps red clover, plantain or another species included. However, the scientific basis behind the 
number and balance of species in the mixture is often unclear.  
Seed companies make recommendations of seed mixes (Table 1), as they want to sell their products, 
but how they come up with the mixtures is unknown. Proprietary seed mixes tend to be dominated 
by ryegrass with usually more than 18 kg/ha for diploid perennial ryegrass and more than 24 kg/ha 
for tetraploid perennial ryegrass as it has a larger seed than the diploid cultivars. They also tend to 
contain more than two species, often 3 – 5 species. Proprietary seed mixes are generally grass and 
clover based, with some companies recommending herbs. Sometimes more than one cultivar of the 
same species is recommended, as seen with white clover in Table 1.  
There are very few multi-species agronomic experiments (Gibson et al. 1999) and species diversity 
trials usually manipulate the richness or composition of the species or the functional groups in the 
sward. But relative abundance also plays a role in determining the species diversity effect (Hooper et 
al. 2005). Therefore more research needs to be done on pasture mixtures and their formulation.  
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Table 1: 2016 Sheep and beef pasture seed mix recommendations. 
Seed Company Suggested seed mix  (per hectare) Total 
Agriseeds 20 kg ‘Trojan’ Diploid perennial ryegrass 
1.5 kg ‘Apex’ White clover 
1.5 kg ‘Weka’ White clover 
3 kg ‘Safin’ Cocksfoot 
Possibly add 4 kg ‘Tuscan’ Red clover 
30 kg/ha 
Agriseeds 30 kg ‘Bealey’ Tetraploid perennial 
ryegrass 
1.5 kg ‘Apex’ White clover 
1.5 kg ‘Weka’ White clover 
4 kg ‘Tuscan’ Red clover 
37 kg/ha 
Agricom 18 kg ‘Prospect’ Diploid perennial 
ryegrass 
3 kg ‘Tribute’ White clover 
2 kg ‘Nomad’ White clover 
4 kg ‘Sensation’ Red clover 
2 kg ‘Tonic’ Plantain 
29 kg/ha 
Agricom 24 kg ‘Halo’ Tetraploid perennial ryegrass 
4 kg ‘Tribute’ White clover 
4 kg ‘Sensation’ Red clover 
1 kg ‘Tonic’ Plantain 
2 kg ‘Choice’ Chicory 
35 kg/ha 
 
There are nitrogen benefits with growing more legumes in a mixture, more biological nitrogen 
fixation can occur and a reduced amount of nitrogen fertiliser may be required (Black et al. 2009). 
Therefore clovers become an important part of a pasture mixture. But a common problem is not 
having enough white clover produced, as it is less competitive than ryegrass and plantain. Hurst et al. 
(2000) suggest that a solution may be separating the species and sowing them in alternate drill rows, 
to minimize the effects of competition and consequently give the clover a better chance at 
establishment, therefore this experiment also explores this theory.  
The objectives of this experiment were to determine what is the best pasture mixture with regard to 
dry matter production and suppression of weeds for the Canterbury environment, and explain the 
scientific basis behind the formulation of pasture mixtures, and how the type of species, number of 
species and proportion of each species in the mix can affect the yield and weed content. 
 3 
This dissertation includes a review of the previously published literature on pasture mixtures, and 
how formulation variables have an effect on yield and the suppression of weeds. A field experiment 
was undertaken at Lincoln University and four contrasting species were chosen (tetraploid perennial 
ryegrass, white clover, plantain and red clover) they were grown in plots by themselves and in 15 
mixtures of all the possible combinations of each species. Measurements of dry matter production 
and botanical composition were taken and tests were then performed on the data, to see if there 
were species interactions, and to see if there was an effect of species identity, species richness and 
relative abundance on yield and weed suppression. Three two-species mixtures and one three-
species mixture were also repeated with species sown in alternate drill rows to test whether physical 
separation of species affects mixture performance. 
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Chapter 2 
Literature review  
2.1 Introduction 
Pasture mixtures are being used in pasture-based farming systems throughout New Zealand. There 
are many different pasture species available to include in mixtures and choosing how many species 
to include, which species to include and how much of that species can be difficult without scientific 
evidence to base the decision on.   
 
The objective of this review is to find the science behind the formulation of pasture mixtures, the 
effects species type, species richness, species proportions and species separation have on dry matter 
production and weed suppression. This literature review covers a range of literature, largely 
published by Harris, Kirwan and Sanderson. It covers a broad scope of literature from New Zealand, 
but also from the USA, Europe, and Canada. The main focus in this review is on the four species that 
were used in the field mixture experiment (perennial ryegrass, plantain, white clover and red clover), 
though other grasses and legumes such as cocksfoot (Dactylis glomerata L.) and Lucerne (Medicago 
sativa L.) are also mentioned. 
2.2 Pasture mixture formulation 
The past experiences that farmers have had over time with plant competition and succession have 
allowed the formulation of pasture mixtures to become simplified to some degree. This has meant 
there is preference for species that are fast to establish and can provide competitive suppression of 
unsown species, as well as producing a high quantity of herbage to feed livestock as quickly as 
possible and all year round (Harris 2001).  
 
Levy (1970) proposed three principles recommended for the formulation of pasture mixtures. These 
principles were generated from past experiences and pasture scientists. The first principle is 
matching the species to the environment they are going to be sown in, which is subject to the species 
response to temperature, moisture and availability of nutrients. The species must be capable of 
establishing and persisting in the environment successfully. The second principle is to include species 
in the pasture mix that will deliver early cover and occupy the ground area to prevent the invasion of 
weeds. This is where fast establishing species may be beneficial. The third principle is to choose a 
seed mix that is versatile, selecting contrasting genotypes that should suit the environment. As the 
more similar the genotype of each species is, the more intense the competition will be, because the 
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plants have the same resource requirements and they obtain the resources in the same way. 
Therefore plenty of consideration should be taken before having multiple cultivars of a species in a 
seed mix (Harris 2001). 
 
Brougham (1954) determined that the optimum seed rate for ryegrass was 20 kg/ha with regard to 
yield, weed suppression and grass-clover balance. As clovers have a significant role in the N economy 
of pasture systems it is crucial to adjust the ryegrass seed rate to ensure clover suppression by 
shading is minimized. In autumn 1952 Brougham (1954) planted ‘Grasslands Manawa’ ryegrass at 
seven different seed rates between 0 to 67 kg/ha with white clover and red clover at constant seed 
rates of 3.4 and 4.5 kg/ha, respectively. The high ryegrass seed rates initially delivered the greatest 
yields, but clover yields were suppressed at the high ryegrass seed rates and eventually the total 
yields decreased due to lower N fixation. Harris (2001) stated that the common sowing rate for 
ryegrass-white clover pasture in New Zealand was 20 kg perennial ryegrass and 5 kg clover/ha. This 
seed mix provides approximately the same number of seeds of each species. This means that 
information about individual seed weight is crucial when designing a seed mix. The thousand seed 
weights can vary among species and cultivars.  The thousand seed weight for diploid perennial 
ryegrass is 2.0 g, whereas for tetraploid perennial ryegrass it is around 3.5 g as it has a larger seed.  
2.3 Species effects and interactions 
A critical issue with New Zealand pastures is the declining digestibility occurring mid-summer. It is 
well known that the nutritive quality of forages declines as plant development progresses (Buxton & 
Marten 1989). When herbage matures the proportion of stem increases and the proportion of slowly 
digested structural carbohydrates in the stem also increases, resulting in a decline in digestibility. 
Efficiency and utilisation of digested nutrients and voluntary intake also decline with digestibility. On 
the other hand in winter digestibility is much greater and low pasture production is the key problem 
(Ulyatt 1978).  
 
The main component of the nutritive value of a pasture is the proportion of nutrients that are 
digestible, the apparent digestibility. New Zealand pastures tend to have high digestibility (75-85%) in 
winter and spring, but are much lower in mid-summer (60-70%). These seasonal changes are 
associated with the changes in plant maturity (Ulyatt 1978). However the amount of decrease in 
digestibility differs among species, white clover digestibility declines less than red clover (Davies et al. 
1966). White clover and other legumes with a similar growth form maintain a high level of 
digestibility because the harvestable plant material is leaves and petioles, rather than stem. The 
leaves are repeatedly renewed as older material is replaced with fresh growth, hence the white 
clover growth form is perfect for retaining a high digestibility through the year (Ulyatt 1978). 
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Legumes are an important part of a pasture as they are generally higher in feeding value than 
grasses. Ulyatt (1978) did a study where the feeding value (the animal production response to a 
herbage) of New Zealand pasture species was compared for sheep growth in a grazing trial and the 
findings are presented in Table 2.  
Table 2: The comparative feeding value of pasture species sown in New Zealand for sheep liveweight 
gain (Ulyatt 1978). 
Pasture Species  Relative liveweight gain  
Diploid perennial ryegrass, ‘Grasslands Ruanui’  100 
Hybrid perennial ryegrass, ‘Grasslands Ariki’  111 
Hybrid short rotation ryegrass, ‘Grasslands Manawa’  148 
Diploid italian ryegrass, ‘Grasslands Paroa’ 160 
Lucerne, ‘Wairau’ 170 
Lotus, “Grasslands ‘Maku’ 143 
White clover, ‘Grasslands Huia’ 186 
 
Legumes and grasses grown in mixtures provide advantages over grasses sown in monocultures. 
These advantages include greater stand longevity (Drolsom & Smith 1976), higher nutritive quality 
(Sleugh et al. 2000) and higher total herbage yield (Baylor 1974). Studies have shown that legumes 
compliment grasses by increasing seasonal yield and the protein concentration of the feed Berdahl et 
al. (2001). In the study in the semiarid Northern Great Plains by (Berdahl et al. 2001) found that grass 
monocultures, even with nitrogen applied, had lower dry matter yields than grass-lucerne mixtures 
at two cuttings. The 1997 and 1998 dry matter yield of grass-lucerne mixtures averaged 3.77 
tonnes/ha at the second cut, but the grass monocultures only averaged 0.75 tonnes/ha. The lucerne 
in the mixture was higher yielding than the grass component in each mixture. With no added 
nitrogen the mean seasonal production for grass-lucerne mixtures and grass monocultures was 8.74 
tonnes/ha and 2.71 tonnes/ha respectively, which is 223% better for grass-legume mixtures versus 
grass monocultures. The percentage increase was to less of an extent with 50 kg N/ha added, but the 
mixtures still yielded better (+73%).  
 
de Wit (1960) developed a theoretical model of plant competition, with a concept of ‘resource 
space’. Species compete for the same ‘space’ that encompasses a limited resource and if one of the 
species is better at attaining that resource then it will produce more than the other species. The 
species that produces more becomes dominant and suppresses the production of the other species. 
de Wit (1960) proposes a possible yield outcome from sowing a mixture is that two species produce a 
greater yield than the average yield produced from the species in monocultures. A strong example of 
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this is seen when growing mixtures of grasses and legumes (Harris & Thomas 1973). Grasses and 
legumes both compete for mineral N in the ‘soil resource space’ except only the legume can get the 
N from the ‘atmospheric space’, by the action of symbiosis using N fixing rhizobia (de Wit 1960). On 
the other hand sowing a mixture can reduce the yields and the mixture can have a lower yield than 
the average yield produced from the species in monocultures. One or both of the species in the mix 
decreasing the availability of a limited resource to both species can describe this negative mixture 
effect.  
 
Knowledge of how plants differ in their ability to gain resources in each of the different ‘spaces’ is 
essential when formulating a pasture mixture to yield greater than species sown in monocultures. 
The ability of a species to compete for ‘light resource space’ is determined by where the plant places 
its leaves, if the leaves are above the neighbouring plants leaves then they have a greater chance of 
capturing the light as leaves that are highest in the canopy receive the light first (direct sunlight), 
while other leaves lower down can be shaded. As we know light is required for photosynthesis, if a 
plant is too shaded it won’t capture the sufficient amount of light required for maintenance of plant 
tissue. There are different types of leaves, plagiophile and planophile. Plagiophile leaves are 
distinctive of species with tall, narrow erect leaves that enable the access of light into the canopy, 
such as ryegrass and plantain. Planophile leaves are distinctive of species that position their leaves at 
right angles to the sun, such as white clover. Horizontal planophile leaves in shaded ‘light resource 
spaces’ can intercept the light before it reaches the ground (Harris 2001).   
 
Characteristic differences in root depth among species can allow different species in pasture 
mixtures to utilize different ‘soil resource spaces’ that hold water and nutrients. Different species can 
also have different timing of growth due to temperature and therefore have different seasonal 
growth patterns, this means species are demanding different levels of ‘space’ at different times 
(Harris 2001). The de Wit (1960) theory therefore explains that carefully formulated pasture mixtures 
can attain and utilize more of the available resources and consequently produce greater herbage 
yields than monocultures.  
 
White clover’s ability to fix nitrogen is the main factor in the facilitative association between ryegrass 
and clover. The clover fixes nitrogen that the grass can take up. Ryegrass and clover also have a 
complementary association with each other, as they utilize environments differently, minimizing 
their competition with each other. They have different peak growth times, different utilisation of 
space - horizontal against vertical, different leaf orientation and consequently different light 
interception, different rooting depths (Klapp 1943) and different water utilization (Mitchell & Kerr 
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1966). This explains why maximum pasture production is likely to be achieved with a mixture rather 
than a monoculture (Harris 2001). 
 
Sown pasture mixtures tend to have higher yields than what production would be if the individual 
species were sown alone and grown as monocultures. Therefore there is a species diversity effect on 
yield. Transgressive over yielding occurs when the yield of a mixture surpasses that of the highest-
producing species when grown on its own (monoculture). The occurrence and extent of the species 
diversity effect on yield depends on the species present and their performance as individual species 
when sown in a monoculture, and in a mixture (Ergon et al. 2016). The presence of legumes in a 
pasture mix is especially beneficial (Lüscher et al. 2014), as the symbiotic rhizobacteria fix nitrogen in 
the root nodules (Carlsson & Huss-Danell 2003).  
 
Under moderate nitrogen fertiliser conditions the herbage production of legume-grass pasture 
mixtures can be comparable with the highest-producing monocultures receiving high levels of 
nitrogen fertiliser (Nyfeler et al. 2009). In an experiment by Ergon et al. (2016) in Norway, the yields 
of four-species (perennial ryegrass, tall fescue, white clover and red clover) mixtures with different 
proportions of each species were compared under three and five cut systems, the perennial ryegrass 
dominant mixture had the greatest overyielding (the amount greater than the yield of the species 
grown as a monoculture). White clover is a superior facilitator of ryegrass growth, compared to red 
clover, perhaps it can transfer N to grass better or because it is less competitive for light (Ergon et al. 
2016).  (Gierus et al. 2012) supports this statement, finding higher perennial ryegrass yields in 
perennial ryegrass-white clover mixtures (ryegrass 441g/m2) than in perennial ryegrass-red clover 
mixtures (ryegrass 318g/m2), in their experiment in Germany. 
 
White clover and perennial ryegrass were grown in monocultures and mixtures and were supplied 
with either high or low levels of nitrate solution by Davidson and Robson (1986). Dry matter yields of 
both white clover and ryegrass were affected by temperature, nitrogen treatment and whether they 
were grown in a monoculture or mixture (i.e. a species interaction effect). In the high nitrogen 
treatment, ryegrass produced twice as much dry matter per plant as white clover at high 
temperatures, but at low temperatures ryegrass produced five times more yield than white clover. 
However, in the low nitrogen treatments white clover yielded two to three times more per plant 
than ryegrass when sown in a mixture and produced similar yields in a monoculture. At low nitrogen 
the mixtures outyielded both the white clover and ryegrass pure swards. In contrast, as high nitrogen 
the grass monoculture outyielded the mixtures and the clover pure sward. A replacement series 
demonstrates the response of dry matter production as the proportion or ryegrass or clover in the 
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seed mix changes (Figure 1). The curves above the linear relationship between ryegrass and white 
clover show the benefit of sowing a mixture of a non-legume and a legume.  
 
Figure 1: Replacement series diagram illustrating the total dry matter production of ryegrass (circle) 
and white clover (triangle) in response to high and low temperature, high nitrogen at A 
and low nitrogen at B (Davidson & Robson 1986). 
 
In the Ergon et al. (2016) experiment it was also noted that red clover had tall shoots and therefore 
was likely to be a strong competitor for light interception. In an environment where the soils are 
fertile and nitrogen isn’t limiting, the positive species interaction between non-legumes and clover is 
their different growth forms and therefore their ability to intercept more light. In a Danish trial by 
(Eriksen et al. 2014) it was found that the herbage production from perennial ryegrass decreased in 
the second year with the addition of red clover in a ryegrass-white clover mix. The decrease was 
evident with and without a nitrogen fertiliser application of 200 kg N/ha. This shows that the 
competitive advantage of red clover relative to the other species (perennial ryegrass and white 
clover) is not only linked to its ability to fix nitrogen. The red clover grew very tall and had large 
shoots and therefore was a stronger competitor for light.  
 
A strong positive species diversity effect on dry matter yield was discovered by Ergon et al. (2016). 
However transgressive overyielding can only be justified by the additive effects on dry matter 
production. The additive mechanism may be greater utilisation of the growing season, as grasses 
 10 
grow more at the start of the season and legumes grow more at the end of the season. Another 
additive mechanism may be enhanced spatial utilisation of nutrients, water and light, because of the 
species different root and shoot morphology and growth form. An additive mechanism also may be 
the suppression of weed establishment and growth by space occupation by the sown species (Ergon 
et al. 2016).  
 
Temperton et al. (2007) stated that there was a substantial decrease in red clover production when 
other legumes were included in the sward (Figure 2). The legumes did not facilitate each other’s 
growth and consequently indirectly inhibited growth. 
 
Figure 2: Above ground plant dry matter biomass of red clover in response to sown species richness 
in May 2004, in Jena, Germany. The dashed line represents the biomass of red clover 
without any other legume species and the bold line represents the biomass of red clover 
in plots with other legume species present.  Adapted from Temperton et al. (2007). 
The vast amount of species and cultivars available for inclusion in a pasture mixture can confuse 
some farmers, leading them to use inappropriate seed mixes and undo the work of plant breeders 
and researchers (Harris 2001). Belgrave et al. (1990) states that farmers tend to sow pastures mixes 
with more than one grass, at least two clovers and sometimes a herb (Plantago lanceolata or 
Cichorium intybus). Each pasture mix constituent has its supposed benefits. These benefits include 
drought tolerance, well-suited seasonal growth patterns, and strength against pest and disease 
attack. Farmers are always looking for ways to suppress weeds because using herbicide sprays to 
remove weeds is costly and can be difficult in some pastures as the spray may damage or kill the 
legumes. Sowing a species rich pasture mixture forms a highly competitive environment and is 
therefore an effective way to suppress weeds (Drenovsky & James 2010).  
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2.4 Plantain 
Lamb finishing systems in New Zealand have become much more intensive than 40 years ago 
(MacLeod & Moller 2006), therefore there is demand to accompany traditional pasture mixtures with 
high performance pasture species (Hodgson et al. 2005). Pasture mixtures containing herbs and 
clover have been known to result in greater daily liveweight gain of lambs than perennial ryegrass 
and white clover pasture mixtures during summer and autumn, with no compromise in spring 
production (Sinhadipathige et al. 2012). In studies done by Sinhadipathige et al. (2012) it was found 
that over a 28-day period the average daily lamb liveweight gain was significantly greater on a 
pasture mix (360g +/- 20.0), which included plantain, red clover, white clover and chicory, compared 
to a perennial ryegrass and white clover pasture mix that had liveweight gains of 322g +/- 10.0 per 
day. The carcass weight of the individual lambs was also greater on the herb/clover mix than the 
ryegrass and white clover mix. A mixture that included red clover, white clover and plantain 
performed at a rate of 162kg net carcass weight per hectare in comparison to the 141 kg per hectare 
produced on the ryegrass and white clover.  Therefore substituting the ryegrass for plantain was 
advantageous. 
2.5 Species richness 
Establishing a pasture with one species is a simple procedure. However growing a pasture mixture 
with a number of species is more complicated, so unless there are benefits of growing a mixture 
there wouldn’t be much point in going to the effort. Growing mixtures can provide greater yields, 
greater quality herbage and better seasonal supply of herbage to match the demands of livestock 
(Harris 2001).  
 
Back in the early days (1930s) of pastoral farming in New Zealand many farmers were sowing 
pastures with around 20 different species in the seed mix (Harris, 1968). This was due to there being 
insufficient information recommending which species would be persistent and deliver the highest 
yields in each climate, soil type and topography (Sangakkara et al. 1982). Therefore, prior to the 
understanding of pasture systems farmers tended to sow pasture mixtures with a large number of 
species, as a protection against the doubt around which species will establish and survive (Harris 
2001). However in recent years seed mixtures have become more simplified, but ryegrass is still a 
common component of most of the pasture mixtures (Harris 1968). Harris (1968) found from 
research on pastures sown in the southern North Island in 1968 that there was an average of 3.9 
species in each seed mixture. Similarly Sangakkara et al. (1982) performed a survey in 1981 to find 
information on the pasture species farmers used in New Zealand, and they found that perennial 
ryegrass was the most commonly used grass species as it suited their farming systems and grew well 
in the New Zealand environment. 98% of all the pasture mixes grown by farmers contained one or 
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more cultivars of ryegrass, and 93% planned to continue using ryegrass in future sowings. The survey 
also found that farmers used simple pasture mixes, ranging from 1-7 species but the majority 
comprised of 2-4 species, generally with grasses and legumes. Very few farmers sow just one grass 
species. The farmers signified that single species pastures would be used only in certain situations, 
such as direct drilling or oversowing for the renewal of pasture (Sangakkara et al. 1982). 
In Pennsylvania, USA Sanderson et al. (2005) found that complex pasture mixtures of three 
to nine species produced greater yields than binary mixtures (grass-legume) or 
monocultures. Four mixtures were planted in 2001 and then grazed with dairy cattle 2002-
2003. The mixtures sown were a two-species mix of cocksfoot and white clover,  a three-
species mix of cocksfoot, white clover, and chicory, six species mix of cocksfoot, tall fescue, 
perennial ryegrass, red clover, birdsfoot trefoil, and chicory, and lastly a nine species mix of 
the six-species mixture plus white clover, lucerne, and Kentucky bluegrass. In 2002, herbage 
yield was lower for the two-species mixture compared with the three-, six-, and nine-species 
mixtures. Herbage yield did not differ among the three-, six-, or nine- species mixtures 
(Figure 3). Therefore there was no benefit of including more than three species. In 2003 there 
was no difference in yield between the different numbers of species in the mixtures. 
However not all possible combinations of each species at each richness level were included 
in this trial, so the result may have varied if all combinations were included.  
 
Figure 3: Herbage yields of four pasture mixtures sown in 2001 and grazed 2002-2003 in 
Pennsylvania, USA. The data is totals for the grazing seasons averaged for two 
replicate pastures (Sanderson et al. 2005). 
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 In Canada, Papadopoulos et al. (2012) showed that three and four species mixtures of 
grasses and legumes sown in 2004 had greater yields than binary mixtures. Timothy (Phleum 
pratense L.), Kentucky bluegrass (Poa pratensis L.), phalaris (Phalaris arundinacea L.), and 
meadow fescue (Festuca pratensis L.) were sown in two- three- and four-species mixtures 
with white clover. There was no significant difference in the post establishment year (2005). 
Differences were however found in 2007, when the four-species mix and the three-species 
mixes yielded 8660 kg/ha and 7230 kg/ha, respectively, but the binary mixture yielded less 
6560 kg/ha. The average yields over time, from 2007 to 2009 were also greater for three and 
four species mixtures than the binary mixture. The binary mix average yield from 2007-2009 
was 6260 kg/ha and the three and four species average yields were 6800 kg/ha and 8010 
kg/ha, respectively.  
European studies by Kirwan et al. (2007) showed that mixtures produce more than monocultures 
(Table 3). The trial consisted of 28 sites, which were split into four groups: a Mid-European mixture of 
perennial ryegrass, cocksfoot, red clover and white clover, a Northern European mixture of timothy, 
Poa pratensis, red clover, and white clover, a moist Mediterranean mixture of perennial ryegrass, 
cocksfoot, red clover and lucerne, and a dry Mediterranean mixture of annual ryegrass, cocksfoot, 
Medicago polymorpha and lucerne. Mixtures had greater yields than monocultures at all of the 28 
sites.  
Table 3: Mean mixture and monoculture yields across European sites (Adapted from Kirwan et al. 
(2007).  
Mixture group Mean mixture dry matter yield 
(t/ha) 
Mean monoculture dry matter yield 
(t/ha) 
Mid European 11.5 8.6 
Northern European  7.7 5.6 
Moist Mediterranean 7.4 6.2 
Dry Mediterranean 2.9 1.5 
 
Kirwan et al. (2007) also found that mixtures comprised of lower proportions and biomass of weeds 
than pure swards for all the species groups (Table 4), which indicates that mixtures suppress weeds 
better than monocultures.  
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Table 4: The effect of species diversity on yield of unsown species (weeds) biomass, over all 28 sites 
for each of the mixture groups. (Kirwan et al. 2007). 
 Mean unsown species in 
monoculture 
Mean unsown species in mixtures 
Mixture group kg ha-1 % kg ha-1  % 
Mid European 1280 15.2 610 5.3 
Northern European  860 18.0 290 4.3 
Moist Mediterranean 1380 17.7 950 10.1 
Dry Mediterranean 380 22.1 320 10.0 
 
In the Kirwan et al. (2007) trial it was found that the yield of four-species mixtures (two legumes and 
two grasses) surpassed the expected production of the species sown in monocultures (Table 3). The 
positive diversity effect was consistent throughout a broad geographical range (25 sites across 
Europe), which adds generality to the findings. Kirwan et al. (2007) stated that by adding one species 
to increase the species diversity of pastures systems can provide benefits, which can result in 
transgressive overyielding (greater yield than the best performing monoculture). At every level of 
richness the pasture mix with the greatest diversity effect will be determined by the relative strength 
of the inter-species interactions, it might not be at the centroid, which is all the ingredient species in 
a mixture are sown at equal proportions i.e. Maximum evenness (Kirwan et al. 2007).  
 
Adding another species into the mix can improve herbage production, but it depends what functional 
group that species is. In a New Zealand study Stevens and Hickey (2000) found that two temperate 
perennial grasses sown together did not improve the amount of pasture produced under infrequent 
hard-grazing compared to one grass species sown, in a cool temperate environment. Perennial 
ryegrass yielded 14500 kg DM/ha in a pure sward, but when sown in an equal (50:50) two- species 
mixture with cocksfoot the total yield was 11900 kg DM/ha. However we know that if clover were 
added to perennial ryegrass rather than another grass being added there may be production benefits 
(Baylor 1974).  
2.6 Relative abundance 
The formulation of a seed mixture requires understanding of how the proportions of each species in 
the mixture affect the pasture productivity and weed abundance. Determining an appropriate ratio 
of non-legumes and legumes is an important consideration when formulating a pasture mixture, 
especially where the amount of available N in the soil is dependent on legume fixation (Harris 2001). 
However Harris and Thomas (1973) stated that when white clover is sown, its stoloniferous growth 
can mean it spreads rapidly and override the effect of different sown proportions.  
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In an experiment done by Sanderson et al. (2013) there were 15 mixtures (including 4 monocultures) 
sown in four different locations in Pennsylvania and Wisconsin (USA), and the plots were harvested 
five times each year from 2009 to 2011. Compared to the monocultures the mixtures tended to have 
greater herbage mass than the average of legume or N-fertilised grass monocultures (the grass 
monocultures were N-fertilised, but the grass-legume mixtures were not). It was found that the 
mixtures that had more equal proportions of seed in the mix (i.e. ‘even’ mixes) did not have greater 
herbage mass or less weeds than other mixtures where one or two species were dominant. The 
differences in herbage mass were linked to the species that was dominant in the mixture. The 
mixtures that were legume dominant had more herbage mass than the mixtures dominated by grass 
(Table 5).  
Table 5: Mean harvested biomass of cocksfoot, couch grass, lucerne, red clover and white clover 
across two experiments at four locations in Pennsylvania and Wisconsin, over three 
years. Adapted from Sanderson et al. (2013).  
Sown species Pennsylvania 
kg DM/ha 
Wisconsin 
kg DM/ha 
Mixture dominated by one grass  5731 6803 
Mixture dominated by one legume 6238 7674 
Mixture dominated by two grasses 5420 6515 
Mixture dominated by two legumes 6323 8110 
 
In the (Sanderson et al. 2013) experiment a legume percentage of 30-40% was achieved with a large 
variety of sown proportions (0.2, 0.5 and 0.8) of legumes in the seed mix. As the proportion of 
legumes sown in the mixture increased, the percentage of legumes harvested in the herbage mass 
increased linearly. However this was only evident in the year after seeding, in subsequent years there 
was generally no relationship, because white clover grows with stolons and the effect of the sown 
proportion is often overridden as mentioned earlier. Variables such as companion grass, stocking 
method and topography can also have an effect on the percentage of legumes in a pasture 
(Harmoney et al. 2001). 
 
In a Kirwan et al. (2007) study across 28 sites in Europe (17 different countries) the herbage mass of 
grass-legume mixtures (two grasses and two legumes) increased as the proportion of species in the 
mixture became more equal. In the first year 25 out of the 28 sites exhibited a positive diversity 
effect that was linearly related to evenness. However in the Sanderson et al. (2013) experiment 
discussed above there was no pattern of greater herbage mass for mixtures with increasing species 
evenness. Sanderson et al. (2013) also stated there were no differences in weed abundance among 
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one or two species dominant mixtures and mixtures with even species, meaning there was no 
evidence that weed abundance is less in mixtures with equal proportions. 
 
In the Ergon et al. (2016) experiment in Norway with four species mixtures it was found that when 
they increased the proportion of one species in the mix from 10% to 70%, while keeping the other 
three species at equal seed weight ratio, the highest accumulated yield over three years was with the 
mixtures that had 10% red clover, so there was no benefit of adding more red clover.  
2.7 Weed suppression 
The presence of weeds in a pasture can significantly reduce the herbage yields and nutritive value of 
the pasture, but they also compete for resources including water, space, soil nutrients and light 
(Masters & Mitchell 2007). Pasture mixtures have the potential to inhibit the establishment and 
growth of weeds. In the Sanderson et al. (2013) experiment the average weed percentage in the 
harvested herbage mass across three years was consistently greater in monocultures compared to 
mixtures, therefore this shows that mixtures suppress weeds. However Frankow-Lindberg (2012) 
found perennial ryegrass monocultures to be more resistant to weed invasion than grass-legume 
mixtures, which means there is evidence of species effect, and the mixtures did not suppress weeds 
better than the best performing monoculture. The Sanderson et al. (2013) experiment found that 
species composition had a strong effect on weeds invasion. High total legume percentage had a 
negative effect on weed abundance. Therefore species type had a greater influence than their 
relative proportions (evenness) on the suppression of weeds (Sanderson et al. 2013).  
 
Frankow-Lindberg et al. (2009) stated that weed species are significantly reduced by species 
diversity. However the type of species was also crucial. Because cocksfoot and white clover were 
found to reduce weed invasion, but red clover was found to be the most invaded species (Table 6).  
Table 6: Biomass percentage of unsown species in the respective monocultures for each of the three 
harvest years in Sweden (Frankow-Lindberg et al. 2009).  
Species Weed content (%) 
 Year 1 Year 2 Year 3 
Ryegrass 1.5 3.4 41.3 
Cocksfoot 0.2 0.7 5.9 
Red clover 1.2 12.6 68.2 
White clover 1.4 2.3 6.0 
 
In the Frankow-Lindberg et al. (2009) experiment in Sweden the levels of unsown species was no 
more than 6% in the cocksfoot and white clover monocultures in the third year of growth, but for red 
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clover and ryegrass the amount of unsown species dramatically increased in the third year, to greater 
than 41% for ryegrass and greater than 68% for red clover. The reason for the success of cocksfoot 
and white clover at weed suppression may be because both species have a common trait of being 
able to spread their growth laterally (Lorentzen et al. 2008). The lateral spreading trait results in 
more complete utilization of resources.  
 
Species that have competitive characteristics can have a vital role in the suppression of weeds. The 
fundamental mechanism for the increased resistance to weed invasion of multi-species swards is 
their ability to occupy space and compete for limiting resources (Hooper et al. 2005). Species with 
different tillering rates and high tiller survival have greater expansion at the basal zone of the 
pasture, therefore occupying space and excluding unsown species (Harris 2001). From a seven year 
experiment where plots differing in levels of species richness were observed for weed species 
content, Crawley et al. (1999) concluded that species identity was more important than species 
richness with relation to the number of weed species and the total biomass amount of weeds. 
Mwangi et al. (2007) stated that grasses produce a suppressive effect on invasive weed species, 
whereas legumes produce a facilitative effect on invasive weed species. Which agrees with the 
Frankow-Lindberg et al. (2009) study that showed red clover was less resistant to invasion of weeds 
than ryegrass, cocksfoot and white clover. This may be due to the key part legumes play in the 
nitrogen economy of pasture swards, as it has been found that sward invasibility is positively 
associated with available nitrogen content in soil (Dukes 2001). Red clover is also less persistent 
(Sanderson et al. 2005), so there are more gaps in the pasture made available for weeds to invade 
when plants die.  
 
The species richness characteristic in pasture mixture can play a role in resisting the invasion of 
weeds. Frankow-Lindberg (2012) found that diverse pasture swards used more of the above ground 
and below ground resources, the number of weed species and the weed biomass were both less is 
mixtures than in pure swards. Therefore, increased resource use by sown species can work to reduce 
the invasion of unsown species (Frankow-Lindberg 2012).  
 
In the Frankow-Lindberg (2012) five species trial in Sweden it was found that among the 
monocultures, perennial ryegrass had the lowest weed content in both years (2008-2009) compared 
to red clover, lucerne, timothy and chicory. The perennial ryegrass monoculture was nearly as 
resistant to invasion of weeds as the pasture mixtures. This may be possibly due to perennial 
ryegrass taking up more soil N and putting it into a larger root system. Scherber et al. (2010) stated 
that below ground competition has a large effect on the success of invader species. They discovered 
that weed biomass was negatively correlated with root mass/root length density in pastures. In the 
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same trial the amount of weeds in the red clover monoculture increased from 2008 to 2009, whereas 
all the other monocultures had no significant increase. The inclusion of legumes in a pasture has 
been linked with a positive effect on the success of invasive species (Mwangi et al. 2007). The 
facilitative function of clovers regarding the supply of N to co-occurring species has been recognized 
by (Temperton et al. 2007).  
 
Above and below ground resources that improve the success of weed invasion include light 
availability the amount of available soil N. The Frankow-Lindberg (2012) trial found that the 
proportion of weeds in the harvested biomass was affected by both factors, it was negatively 
correlated with nitrogen uptake and positively correlated with light penetration. However the 
number of weed species was positively correlated with light penetration but nitrogen uptake had no 
effect on weed species number. As expected low density pasture swards were more open than high 
density swards. They also found that the two legumes in the trial (red clover and lucerne) captured 
most of the available light, with little difference between the two legumes. There were also little 
differences between the light penetration of timothy, perennial ryegrass and chicory. Mixtures 
tended to have more even resource use over time, the mixed pasture swards had more closure in 
their canopies, taking up more light and they took up more of the available N from the soil than 
monocultures. Hence, explaining why the pasture mixtures had a lower number of invading species 
producing less biomass than all the pure swards.  
2.8 Species separation  
Strong competition at establishment can suppress slow establishing pasture species when they are 
mixed with faster establishing species such as ryegrass (Moot et al. 2000). The aim is to maximize 
stock production by increasing the quality of the pasture. Rattray et al. (1987) classified high quality 
pasture as having a high clover content. To give the clover the best chance at establishment so it can 
be persistent in the sward, there are different sowing strategies farmers can use (Hurst et al. 2000). 
Temporal separation of the species is one strategy. That is sowing clovers in the spring and then 
direct drilling ryegrass into the paddock in the following March. Substitution is another option, which 
is swapping ryegrass for a slower establishing species like timothy or cocksfoot. Physical separation 
of the species is when the species are sown in alternate drill rows. White clover is sensitive to 
competition at establishment, and it takes approximately the same amount of time to reach 
emergence as ryegrass, so an alternative sowing strategy could be beneficial to the clover content of 
the pasture (Hurst et al. 2000).  
 
In an alternate row experiment in Canada production benefits were found. Kilcher and Heinrichs 
(1958) compared crested wheatgrass, intermediate wheatgrass and steambank wheatgrass for yield 
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when grown alone, in a mixture with lucerne and in alternate rows with lucerne. The total yield was 
greatest in the alternate rows with lucerne. In the first year of growth (1954) the grass and lucerne 
sown in alternate rows outyielded the grass and lucerne sown together by 4%, in the second year of 
growth by 10% and in the third year of growth by 33%.  
 
From this review of literature it can be concluded that yield benefits have been found from including 
a non-legume and a legume in a pasture mixture. It was found that mixtures tend to have greater 
yields and weed suppression than species sown in monocultures. Species richness was found to assist 
with weed suppression and yield, but only improved yield to a certain extent. Literature was found 
that both agreed and disagreed that the evenness of species in a mixture improves yield. Dry matter 
production was found to increase by using the alternate row sowing method.  
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Chapter 3 
Materials and methods 
3.1 Mixture design 
Four common commercial species were chosen: ‘Base’ tetraploid perennial ryegrass, ‘Tonic’ plantain, 
‘Apex’ white clover, and ‘Sensation’ red clover. These species were sown in total of 19 different 
pasture mixes, which included each species sown as a monoculture, six two-species mixes sown 
evenly, four three-species mixes sown evenly, one mixture with all four species sown equally, and 
four different four-species mixes sown with one of the species sown dominant, while the other three 
species in the mix remain equal. To test for an effect of species separation four mixtures of perennial 
ryegrass, white clover, and plantain, were repeated with each species sown in alternate drill rows. 
The four alternate row mixtures included three two-species mixes and one three-species mix. There 
were four replicates of each mixture, a total of 92 plots in a randomized block design. The plots were 
2.1 m wide and 6.0 m long.   
3.2 Experimental site 
Mixtures were compared at the Horticultural Research Area (H8) at Lincoln University, Canterbury, 
New Zealand (43°38’53.14”S 172°27’11.60”E, 10 metres above sea level). The soil was Wakanui and 
Templeton silt loam, with stoneless topsoil, no significant rooting barrier within 1m depth, and was 
moderately well drained.  
 
 
Plate 1: Mixture experiment at Lincoln University, post grazing.  
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3.2.1 Climate  
The total rainfall, mean air temperature and total Penman potential evapo-transpiration at the site 
are shown in Figure 4, 5 and 6, respectively. The climate data were acquired from the Broadfields 
weather station, near Lincoln (approximately 1.9 km from the site). Lincoln, Broadfield, network 
number 17603 H32645, located at latitude -43.62622 and longitude 172.4704 at 18 metres above sea 
level. The observing authorities were NIWA/Plant & Food Research. 
 
Figure 4: Total monthly rainfall from August 2015 to July 2016 and the mean monthly rainfall from 
1981-2010.  
The total annual rainfall in 2015 was 429.4 mm. and the average total annual rainfall from 1981-2010 
was 598.9 mm. Within the time period of this experiment low rainfall was experienced in October 
and early November 2015 and again in April 2016.  
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Figure 5: Monthly mean air temperature from August 2015 to July 2016 and the mean monthly air 
temperature from 1981-2010.  
The mean air temperature for the experiment time period was similar to that of the 1981-2010 
mean, expect for a slightly warmer mean air temperature in late February 2016 and May 2016. 
 
 
Figure 6: Monthly total Penman potential evapo-transpiration from August 2015 to July 2016. 
3.3 Site history 
The site had been sown in lucerne (Medicago sativa L.) in 2011 and 2012, oilseed rape (Brassica 
napus) in 2013 and forage oats (Avena sativa) in 2014. After the oats the site was ploughed and tilled 
in November 2014 and fallowed over summer. It was then sprayed with herbicide (570 g of 
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glyphosate/L at 3 L/ha) in February 2015 and irrigated (60 mm over 2 days) and then tilled again in 
March 2015 to produce a moist firm and fine textured seedbed.  
3.3.1 Planting 
The plots were drilled on 26th March 2015 with a Flexi-seeder drill, set at 15 cm row spacing and a 
depth of 15-20 mm. The thousand seed weights and germination percentages are shown in Table 7 .  
Table 7: Thousand seed weight and germination percentage for each species. 
Species ‘Base’ Perennial 
ryegrass 
‘Tonic’  
Plantain 
‘Apex’  
White clover 
‘Sensation’  
Red clover 
TSW (g) 3.6 2.7 0.9 (coated seed) 2.1 
Germination % 92.7 99.3 91.3 88.0 
 
A soil test was taken on the 4th of May 2015 from the trial area of the paddock. The results from this 
soil test found the pH to be 5.7, the Olsen P was 13 mg/L, Mg and Na were both slightly below 
optimum levels at 0.84 me/100g Mg and 0.17 me/100g Na. The sulphate S level was 12 mg/kg. 
Another soil test was taken on the 27th of May 2016 and the results found a pH of 6.1, Olsen P of 10 
mg/L, sulphate S of 13 mg/kg, Mg of 0.92 me/100g and Na of 0.27 me/100g.  
3.4 Seed mixture design 
Nineteen different seed mixes were created using the mixture design tool in the statistical software 
package Minitab 17 (table two). The seed rates were based on seed count. A total seed population of 
833 seeds per m2 was used to acquire seed rates for all seed mixtures. To achieve this seed 
population the sowing rate was calculated by first calculating the seed/kg (1000/TSW*1000), then 
dividing the desired seed population (833/m2) by the seed/kg and multiplying by 1000 to get 30kg/ha 
ryegrass, 7.5kg/ha white clover, 22.5kg/ha plantain and 17.5kg/ha red clover. The four plots sown 
with alternate drill rows had the same species proportions and seed rates as mixtures 5, 6, 8 and 11 
(Table 9). A diagram of the simplex mixture design is shown in Figure 7.  
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Table 8: Proportions of perennial ryegrass (RG), plantain (P), white clover (WC), and red clover (RC) 
sown in each of the 19 pasture mixtures based on seed count. 
 
 Mixture No. RG P WC RC 
Monocultures 1 
2 
3 
4 
1 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
Two-species 
mixtures 
5 
6 
7 
8 
9 
10 
0.5 
0.5 
0.5 
0 
0 
0 
0.5 
0 
0 
0.5 
0.5 
0 
0 
0.5 
0 
0.5 
0 
0.5 
0 
0 
0.5 
0 
0.5 
0.5 
Three-species 
mixtures 
11 
12 
13 
14 
0.333 
0.333 
0.333 
0 
0.333 
0.333 
0 
0.333 
0.333 
0 
0.333 
0.333 
0 
0.333 
0.333 
0.333 
Four-species 
mixtures 
15 
16 
17 
18 
19 
0.25 
0.625 
0.125 
0.125 
0.125 
0.25 
0.125 
0.625 
0.125 
0.125 
0.25 
0.125 
0.125 
0.625 
0.125 
0.25 
 0.125 
0.125 
0.125 
0.625 
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Table 9: Sowing rates of perennial ryegrass (RG), plantain (P), white clover (WC), and red clover (RC), 
sown in each of the 19 pasture mixtures.  
Mixture No. Species in mixture     RG                    P                  WC                RC             Total 
(Kg/ha) 
1 
2 
3 
4 
RG 
P 
WC 
RC 
30.0 
0 
0 
0 
0 
22.5 
0 
0 
0 
0 
7.5 
0 
0 
0 
0 
17.5 
30.0 
22.5 
7.5 
17.5 
5 
6 
7 
8 
9 
10 
RG, P 
RG, WC 
RG, RC 
P, WC 
P, RC 
WC, RC 
15.0 
15.0 
15.0 
0 
0 
0 
11.25 
0 
0 
11.25 
11.25 
0 
0 
3.75 
0 
3.75 
0 
3.75 
0 
0 
8.75 
0 
8.75 
8.75 
26.25 
18.75 
23.75 
15.0 
20.0 
12.5 
11 
12 
13 
14 
RG, P, WC 
RG, P, RC 
RG, WC, RC 
P, WC, RC 
10.0 
10.0 
10.0 
0 
7.5 
7.5 
0 
7.5 
2.5 
0 
2.5 
2.5 
0 
5.83 
5.83 
5.83 
20.0 
23.3 
18.3 
15.8 
15 
16 
17 
18 
19 
All 4 species even 
RG dom 4 species 
P dom 4 species 
WC dom 4 species 
RC dom 4 species 
7.5 
18.75 
3.75 
3.75 
3.75 
5.63 
2.81 
14.06 
2.81 
2.81 
1.88 
0.94 
0.94 
4.69 
0.94 
4.38 
2.19 
2.19 
2.19 
10.94 
19.4 
24.7 
20.9 
13.4 
18.4 
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Figure 7: Diagram of the three-dimensional simplex centroid design for four species.  
Each point represents a seed mixture, with its position determined by the species proportions (Figure 
7). The monocultures are plotted at the four corner points of the tetrahedron. Six two-species points 
are plotted on the middle of each edge (0.5, 0.5). The four points of the three-species mixtures are 
plotted in the middle of each triangular face.  One point is the centroid, plotted in the very centre of 
the tetrahedron, equal parts of all four species (0.25, 0.25, 0.25, 0.25). The four points of the four-
species mixtures with one species dominant are plotted nearer the apex of the species the mixture is 
dominant in, with the other species proportions remaining constant (e.g. 0.63,0.13,0.13,0.13 for the 
mix of RG, P, WC and RC).  
3.5 Management 
The plots were grazed in common by a single group of sheep. The plots were mown after the sheep 
were removed at a height 4 cm. Sampling and grazing dates are given in Table 10. The plots were 
irrigated to prevent the soil moisture content from dropping below 24% in the top 0.5 m of soil.  
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Table 10: Management dates of sampling, grazing and mowing.  
Date sampled Sheep in Sheep out Date mowed Days regrowth 
4/08/15 * * 16/08/15  
21/09/15 22/09/15 24/09/15 25/09/15 37 
23/10/15 27/10/15 29/10/15 30/10/15 32 
30/11/15 1/12/15 3/12/15 3/12/15 32 
6/01/16 7/01/16 10/01/16 11/01/16 35 
15/02/16 16/02/16 20/02/16 22/02/16 36 
31/03/16 1/04/16 5/04/16 5/04/16 39 
23/05/16 27/05/16 30/05/16 30/05/16 52 
2/08/16 2/08/16 3/08/16 5/08/16 64 
 
3.6 Measurements 
Immediately before each grazing a quadrat sample was cut from each plot using electric hand 
clippers, two rows (30cm) wide and one metre long, in an area of the plot that gave a fair 
representation of the whole plot. The three-species alternate row plots had three rows cut to include 
all three of the species. The plant material was then stored in a chiller for no more than five days. A 
sub-sample was separated into each sown species and weeds. All the plant material was then dried 
in an oven at 60°C for at least 48 hours. Once the samples were dried the weights of each species 
were recorded as well as the dry un-separated plant material.  
3.7 Statistical analysis 
The dry matter yields of total herbage, each sown species and weeds were summed over the eight 
cuts to calculate the annual total dry matter yield, weed content and sown species composition of 
each plot for 2015/2016. The significant effects of the seed mixtures were tested using analysis of 
variance (ANOVA). To test for yield and weed suppression of the mixtures, significant differences 
between mixture means were recognized using Fisher’s Least Significant Difference (LSD) test. The 
analyses were executed using the GenStat 16 software package.  
The effects of species proportions and number of species in the seed mixture on total annual yield 
and proportion of weeds were analysed using the mixture regression method in the Minitab 17 
software package. A special cubic mixture model was fitted to the data as follows:  
Ŷ= β1x1 + β2x2 + β3x3+ β4x4 + β12x1x2 + β13x1x3 +β14x1x4 + β23x2x3 + β24x2x4 + β34x3x4 + 
β123x1x2x3 + β124x1x2x4 + β134x1x3x4 + β234x2x3x4 + β1234x1x2x3x4 + ε 
 Ŷ symbolizes the predicted response from a mixture, i.e. Total yield or weed content. The β (beta) 
symbolizes the coefficients to be fitted via regression. x1x2x3x4 are the sown proportions of 
perennial ryegrass, plantain, white clover and red clover respectively. β1 to β4 are estimates of the 
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response of the monocultures. β12 to β34 represent the interaction effects for each of the six two-
species mixtures, β123 to β234 are interaction effects for each of the four three-species mixtures, 
and β1234 is the interaction effect for the four species even mixture. The ε is a random error term, 
assumed normally and independently distributed with a mean of zero and constant variance.  
The special cubic mixture model was used to create a contour plot and response trace plot of the 
predicted yields and predicted proportion of weeds. The optimum species proportions in the seed 
mixture for maximum yield and minimum proportion of weeds were estimated by response 
optimization analysis also in the Minitab 17 software package.  
The effect of species separation sowing method was also analysed using the mixture regression 
method in Minitab 17. A special cubic model was fitted to the alternate row data. The model is as 
follows: 
Ŷ = β1x1 + β2x2 + β3x3+ β12x1x2 + β13x1x3 + β23x2x3 + β123x1x2x3 + β12x1x2*treat + β13x1x3*treat + 
β23x2x3*treat + β123x1x2x3*treat + ε 
Where Ŷ is the predicted response, x1x2 and x3 are sown proportions of perennial ryegrass, plantain 
and white clover. β1 to β3 are estimates of the response of the monocultures. β12 to β23 represent 
the interaction effects for each of the three two-species mixes and β123 represents the interaction of 
the three-species mix. Treat represents the interaction effect of the sowing method, the treatments 
were coded as -1 for species sown together and 1 for species sown in alternate rows.  
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Chapter 4 
Results 
4.1 Mixture analysis of total annual yield 
The estimated coefficients and the analysis of variance of the mixture yield model for total yield are 
given in Table 11. Analyses can be made from the special cubic model of mixture yield. In the analysis 
of variance the non-significant (P=0.061) linear component of the regression indicates that the 
estimated yields for the monocultures were not different from each other. This was backed up by the 
ANOVA of the actual mean yields (Table 12), although the mean annual yield of the ryegrass 
monoculture looked to be greater than the other monocultures it in fact was not (P=0.07). This 
suggests that there was variance among the replicates, possibly due to variation in soil nitrogen 
among the ryegrass and plantain plots.   
Although there was no species effect, species interactions were found. The ANOVA (Table 11) shows 
that the quadratic component of the model was highly significant (P=0.000), indicating that the mean 
estimated yield for all the two-species mixes was greater than the mean estimated yield of the 
monocultures. Thus there was an overall benefit of two-species mixtures over monocultures. In other 
words a richness effect was present for two-species mixtures. However the P-values were only 
significant (P=0.000) for four of the six two-species mixes, which were the legume- non legume 
mixes. Therefore the mixture advantage was dependent on the species included in the mixture. This 
result also indicated there was no benefit of having two species mixtures of white clover and red 
clover or ryegrass and plantain, as their P-values were high at 0.988 and 0.097, respectively. The 
significant two-species interactions for legumes and non-legumes indicate that the estimated yield of 
the given two-species mix is greater than the mean of the estimated monoculture yield for those 
species included in the mix.  
The ANOVA of the actual mean yields of the two-species mixtures tested for differences among the 
six two-species mixtures and found that there was a difference (P= 0.005), but the positive or 
negative effect the difference had on yield depended on the ingredient species in the mixture (Table 
12). The least significant difference of 3869 showed there was a difference between the RG-P and 
WC-RC mixtures and the mixes with a legume and a non-legume. There were no differences in yield 
between the four legume-non legume two-species mixtures. The yields of the legume/non-legume 
mixes were greater than the RG-P and WC-RC mixes. However the yields of the RG-P and WC-RC 
mixes were not different, indicating that the RG-P and WC-RC interact similarly. The overall mean 
yield of the two-species mixtures was greater than the average of all of the monoculture yields. The 
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two-species mixtures that contained one species from each functional group (i.e. a legume and non-
legume) produced greater yields than the average of the two ingredient species yields sown by 
themselves. It was also found that there was no difference in yield between mixes with plantain or 
ryegrass with white clover or red clover. These mixtures were also dominated by the ryegrass or 
plantain component, with average proportions of 73% and 75% respectively. The yield of the 
ryegrass-plantain mix was similar to the average yield of plantain and ryegrass sown alone. 
The ANOVA of the model analysis also showed that the special cubic component of the model was 
also significant (P=0.049) (Table 11). This indicated that the mean estimated yield of all of the three-
species mixes was greater than the mean predicted yield of all of the two species mixes. Therefore 
there was an overall benefit of adding up to three species, although the extent of the benefit was 
less than the overall benefit of two-species mixes compared to monocultures. The three-species 
interaction term was only significant for one of the four three-species mixes, which was the RG*P*RC 
mix (P=0.040). Thus the only beneficial three-species mix was RG*P*RC, as its significant P-value 
means the estimated yield for the RG*P*RC mix was greater than the mean of the estimated yields of 
the RG*P, RG*RC and P*RC mixes. An ANOVA of the actual mean yields of the four three-species 
mixes revealed a difference among them (P=0.025) (Table 12). The three-species mixtures that 
contained ryegrass and red clover with either white clover or plantain as the third ingredient had 
greater yields than RG-P-WC, shown by the least significant difference of 3088.4. The white clover 
proportion in the three-species mixtures (average 8%) was also lower than all the other sown 
components (Table 12). 
The special cubic model analysis found there was no benefit of adding more than three species to the 
mix, as the P-value for the RG*P*WC*RC mixture was very high (P= 0.851). This showed that the 
predicted yield of the four-species mix was not greater than the average predicted yield of all the 
three-species mixes. An ANOVA of the actual mean yields found there was a difference (P<0.001) in 
yields between the number of species in the mixtures. Greater yields were obtained from pastures 
with more than one species, but this depended on the identity of the species included. The ryegrass-
plantain and the red clover-white clover two-species mixtures were no better than the 
monocultures. There was no significant benefit from including more than two species in the pasture 
mix, as there was a least significant difference of 1973 (Figure 8). 
The special cubic model cannot test for effects of species evenness among the five four-species 
mixes, but the ANOVA of the actual mean yields found differences in yield among the mixtures 
(P=0.048) (Table 12). The plantain dominant four-species mix had a lower yield than the four-species 
even mix and the red clover dominant mix, which is shown by least significant difference of 2663. 
However there was no difference between the evenly sown four-species mixture and all of the four 
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uneven four-species mixtures, which had one species dominant. Therefore there was no evidence to 
suggest that an even four-species mix was better than mixes dominated by ryegrass, white clover or 
red clover, but not dominated by plantain. 
The special cubic model was a good fit as the lack of fit was non-significant (P= 0.429) and the 
adjusted R2 value was 69.46%. The coded model was as follows: 
Ŷ = 18546x1 + 15554x2 + 14870x3+ 15888x4 + 78x1x2 + 27156x1x3 + 20361x1x4 + 
26772x2x3 + 32245x2x4 + 8555x3x4 - 62331x1x2x3 + 74813x1x2x4 + 44555x1x3x4 + 
3309x2x3x4 + 65255x1x2x3x4 + ε 
 
The coefficients x1, x2, x3 and x4 are the predicted yields of the ryegrass, plantain, white clover and 
red clover monocultures respectively. For the interaction terms, the predicted yields of the mixes can 
be calculated from the coefficient and the species proportions. For example, the predicted yield of 
the ryegrass-white clover mix can be calculated as the coefficient 27156 multiplied by the proportion 
of ryegrass (0.5), multiplied by the proportion of white clover (0.5), which equals 6789 kg DM/ha. 
This is the difference between the ryegrass and white clover two-species mixture predicted yield and 
the predicted yield for the mean of the ryegrass and white clover monocultures, so the predicted 
yield from this model for the ryegrass and white clover two-species mixture was 23497 kg DM/ha. 
The negative coefficient on the model term (- 62331x1x2x3) represents a decrease in yield, whereas 
the positive coefficients represent a synergistic blend, meaning a desirable combination of 
components.  
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Table 11: Estimate regression coefficients and analysis of variance for mixture model of total annual 
yield. 
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Table 12: Mean total annual yields and botanical composition (August 2015- July 2016) for each of 
the 19 different mixtures, with four mixtures repeated sown in alternate rows, at Lincoln 
University, Canterbury. Means with the same letters are not significantly different based 
on Fisher’s least significant difference test. 
    Species proportions in the total yield 
Mixture 
      Total annual yield 
               kg DM/ha RG P WC RC Weed 
1 RG 18702 0.98 0.00 0.00 0.00 0.02a 
2 P 15834 0.00 0.96 0.00 0.00 0.04a 
3 WC 14718 0.00 0.00 0.86 0.00 0.14b 
4 RC 15521 0.00 0.00 0.00 0.85 0.15b 
5 RG-P 17319a 0.57 0.41 0.00 0.00 0.03c 
6 RG-WC 23499b 0.83 0.00 0.14 0.00 0.03c 
7 RG-RC 22187b 0.63 0.00 0.00 0.34 0.02c 
8 P-WC 21978b 0.00 0.78 0.19 0.00 0.03c 
9 P-RC 23732b 0.00 0.72 0.00 0.26 0.03c 
10 WC-RC 17221a 0.00 0.00 0.26 0.55 0.18d 
11 RG-P-WC  20234d 0.47 0.39 0.13 0.00 0.02ef 
12 RG-P-RC 25341c 0.36 0.38 0.00 0.25 0.01e 
13 RG-WC-RC 24035c 0.64 0.00 0.07 0.26 0.03fg 
14 P-WC-RC   22883cd 0.00 0.67 0.05 0.24 0.03g 
15 4 sp even 24420e 0.36 0.39 0.05 0.17 0.03 
16 4 sp RG   22302ef 0.62 0.17 0.04 0.14 0.02 
17 4 sp P 20750f 0.17 0.60 0.06 0.14 0.02 
18 4 sp WC   21965ef 0.37 0.32 0.14 0.14 0.03 
19 4 sp RC 24246e 0.29 0.31 0.03 0.35 0.03 
Alt  5 RG-P 16703 0.56 0.40 0.00 0.00 0.03 
Alt  6 RG-WC 19650 0.81 0.00 0.15 0.00 0.03 
Alt  8 P-WC 22735 0.00 0.77 0.18 0.00 0.05 
Alt 11 RG-P-WC  19085 0.42 0.38 0.16 0.00 0.04 
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Figure 8: Mean total annual yield for pasture mixtures grouped into the number of species they 
contained, in Canterbury, New Zealand. The letters represent which means are 
significantly different (5% level), based of Fisher’s least significant difference test. 
The non-significant interaction terms were removed from the special cubic model and then analysis 
was repeated with a more parsimonious model, which has more degrees of freedom for the residual 
(Table 13). This model shows the estimated monoculture yields are still similar as the linear 
component is highly non-significant (P=0.236). But the quadratic and special cubic components 
remained significant with P-values of 0.000 and 0.033, respectively. The lack of fit is greater than the 
previous model but is still non-significant (P=0.122). The presence of the three-species mix term 
supports the choice of a simplex mixture design. The more parsimonious model is as follows: 
Ŷ = 18215x1 + 15317x2 + 16004x3+ 16866x4 + 26005x1x3 + 22790x1x4 + 23430x2x3 + 
32482x2x4 + 69806x1x2x4 + ε 
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Table 13: Parsimonious mixture model of total annual yield. 
 
 
 
 36 
 
Figure 9: Contour plot of total annual yield predicted from the parsimonious mixture model. 
The contour plots are derived from the parsimonious predictive model, which was fitted to the actual 
experimental data, and validated statistically (Table 13). Figure 9 shows there was curvature in the 
model on the surface of RG*P*RC three-species face in addition to curvature on the RG*RC and P*RC 
edges of that face. Dramatic positive curves are a clear sign of synergism between species, 
representing beneficial non-linear mixing. The darker green in the mix of ryegrass, plantain and red 
clover shows a greater yield than the RG*P*WC, P*WC*RC and RG*WC*RC mixes, which don’t have 
as darker green. The dark blue on the edges of the triangles shows the poor mixing effect of RG*P 
and WC*RC. 
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Figure 10: Response trace plot of total yield predicted from the parsimonious mixture model.  
Three-dimension imaging becomes complicated and only three out of four species can be depicted 
on a contour plot. Therefore a trace plot was also used to display the relative responses of any 
proportions of the components (Figure 10). The traces are drawn from the centroid, where all four 
species are equal proportions in the mix (i.e. 0.25, 0.25, 0.25, 0.25). This is the reference blend for 
the trace plot. Each species proportion is then varied in the mixture, while the ratio of all the other 
species proportions remains constant. This reveals that yield declines dramatically as the proportion 
of white clover (WC) increases from 0 to 1, relative to the other three species. The yield was greatest 
when white clover was excluded from the mixture. In contrast, when ryegrass and red clover were 
included in the mix and their proportions increased the yield increased to a certain maximum point 
then decreased.  
4.2 Mixture analysis of proportion of weeds in total annual yield 
The estimated coefficients and ANOVA of the special cubic weed proportion model are given in Table 
14. Analyses can be made from the model of weed proportions. The significant (P= 0.000) linear 
component indicates that the estimated weed proportion of the monocultures were different from 
each other. This was backed up by the ANOVA of the actual mean weed proportions (Table 12), 
where differences in weed proportion were found among the monocultures (P < 0.001). The two 
clover species (WC and RC) had significantly more (+11%) weeds than plantain and ryegrass (average 
3%), which was shown by the least significant difference of 0.044.  
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The quadratic component of the special cubic weed proportion model was also highly significant 
(P=0.000), indicating that the mean estimated weed proportion for the two-species mixes was less 
than the mean estimated weed proportion of the monocultures. Thus there was a benefit of two-
species mixtures over monocultures with regard to weed suppression. That is a richness effect on 
weed suppression was present for two-species mixtures (Table 14). However the P-values were only 
significant for five of the six two-species mixes. The RG*P mix was non-significant (P=0.826) because 
the ingredient species ryegrass and plantain were good at suppressing weeds when they were sown 
by themselves, meaning there was no greater suppression of weeds by including these species in a 
two-species mix. The ANOVA analysis of the actual mean weed proportions found a difference 
among the two-species mixtures (P < 0.001), all bar one of the two-species mixtures had a similar 
weed content (average 3%) and effect on weed suppression. The WC-RC mix was different. It had a 
significantly greater proportion of weeds (+15%). This was shown by the least significant difference 
of 0.066 (Table 12), which indicated that two clover species mixtures or clover monocultures do not 
suppress weeds well.  
The special cubic component of the weed content model was non-significant (P= 0.111), which 
Indicated that the mean estimated weed proportions of all the three-species mixes was not greater 
than the mean estimated yields of the two-species mixes (Table 14). The three-species interaction 
term was only significant for two of the four three-species mixes, which were the RG*WC*RC 
(P=0.049) and P*WC*RC (P=0.051) mixes. Thus the greater weed supressing three-species mixes 
were RG*WC*RC and P*WC*RC, as the significant P-value means the estimated weed proportions of 
these mixes was less than the estimated weed proportion of the ingredient species in two-species 
mixtures and monocultures. An ANOVA of the actual mean yields of the three-species mixes revealed 
a difference among them (P=0.031). The three-species mixtures that contained ryegrass and plantain 
with either white clover or red clover as the third ingredient had a lower proportion of weeds than P-
WC-RC, as shown by the least significant difference of 0.015. It was also found that RG-P-RC was 
better at supressing weeds than RG-WC-RC. 
The special cubic model analysis found there was no benefit of adding more than three species to the 
mix with regard to weed suppression, as the P-value for the RG*P*WC*RC mixture was high 
(P=0.533) (Table 14). This shows that it does not have a lower proportion of weeds than the average 
proportion of all the three-species mixes. An ANOVA of the actual mean yields found there was a 
difference (P= 0.002) in the proportion of weeds between the number of species in each mixture, 
meaning there was a richness effect. Lower proportions of weeds were obtained from pastures with 
more than one species, but this depended on the identity of the species included. The red clover-
white clover two-species mixtures were no better at suppressing weeds than the monocultures. 
There was no greater weed suppression from including more than two species in the pasture mix, 
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meaning the two-, three- and four-species mixtures had similar weed suppression ability, shown by a 
least significant difference of 0.036. The special cubic model cannot test for differences in mixture 
evenness. However the ANOVA of the actual mean weed proportions found no differences among 
the four-species mixtures (P=0.159), which suggests that the even four species mix was not better at 
suppressing weeds than the mixes dominated by any of the species. 
The special cubic model was a poor fit as it had a significant lack of fit (P= 0.023). The adjusted R2 
value was 66.97%. The fitted model was as follows: 
Ŷ = 0.027x1 + 0.044x2 + 0.131x3+ 0.140x4 – 0.017x1x2 – 0.215x1x3 – 0.248x1x4 – 
0.236x2x3 – 0.271x2x4 + 0.156x3x4 + 0.127x1x2x3 + 0.075x1x2x4 – 1.091x1x3x4 – 
1.082x2x3x4 + 3.313x1x2x3x4 + ε 
 
The negative coefficients on the model terms represent a decrease in the proportion of weeds, i.e. a 
synergistic mixing effect. Whereas the positive coefficients represent an increased proportion of 
weeds due to mixing. The significant lack of fit means that several species interactions were not big 
drivers of weed suppression. Most treatments had weed contents of 1-3%, with only WC, RC and 
WC*RC having high weed contents.  
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Table 14: Estimate regression coefficients and analysis of variance for mixture model of proportion 
of weeds in total annual yield. 
 
 
 
The non-significant interaction terms were removed from the special cubic model and then analysis 
was repeated with a more parsimonious model, which has more degrees of freedom for the residual 
(Table 15). This model shows the estimated monoculture weed proportions are still different as the 
linear component is highly significant (P=0.000). The quadratic and special cubic components 
remained significant with P-values of 0.000 and 0.028, respectively. The RG*WC*RC and P*WC*RC 
terms were kept in the model because their P-values were close to 0.05, suggesting there 
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interactions were having some influence on the predicted weed content. The lack of fit is less than 
the previous model, it became non-significant (P=0.131). The more parsimonious model is as follows: 
Ŷ = 0.0266x1 + 0.0438x2 + 0.131x3+ 0.1399x4 – 0.2052x1x3 – 0.2417x1x4 – 0.2269x2x3 
– 0.2644x2x4 + 0.152x3x4 – 0.9637x1x3x4 – 0.9553x2x3x4 + ε 
 
Table 15: Parsimonious mixture model of the proportion of weeds in total annual yield. 
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Figure 11: Contour plot of proportion of weeds in annual yield predicted from the 
parsimonious mixture model. 
 
Figure 11 contour plots show by the dark blue colour that ryegrass and plantain suppress weeds, 
unlike white clover and red clover mixtures as there is darker green across the WC*RC edge of the 
bottom contour plots, meaning there is a greater proportion of weeds when these two species are 
combined. This indicated that there was some evidence of curvature on the surface of the 
RG*WC*RC and P*WC*RC combinations, which reflected the P-values of 0.055 and 0.057 for these 
three-species interactions, respectively (Table 15). However, this did not matter much given that 
weed contents were 5% or less as indicated by the dark blue range.  
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Figure 12: Response plot of proportion of weeds in annual yield predicted from the 
parsimonious mixture model. 
 
Figure 12 revealed that the proportion of weeds increased as the proportion of white clover (WC) 
and/or red clover (RC) increased, relative to the other two species. The lowest proportion of weeds 
was achieved when ryegrass was the dominant species.  
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4.3 Optimization analysis 
 
 
Figure 13: Optimization plot for maximum total annual yield and minimum proportion of weeds, 
using the parsimonious mixture model.  
The predicted response of maximum total annual yield of 25974 kg DM/ha and the minimum 
proportion of weeds 1.7% was achieved by the optimum seed mix generated in Minitab 17, which 
comprised of 29.2% ryegrass, 30.3% plantain, 0% white clover and 40.5% red clover. Figure 13 shows 
that as the proportion of ryegrass increases past 29.2% the yield begins to decline. This is also seen 
with the plantain at 30.3%. Both ryegrass and plantain also managed to keep the weed proportion 
low, regardless of how much of each species was sown. The optimum seed mix contained no white 
clover as the yield declined as the proportion of white clover increased from 0% in the seed mix. 
Another reason to exclude white clover in the seed mix was because when it reaches greater than 
approximately 20% of the seed mix the proportion of weeds increased. Yield was low with a low 
proportion of red clover, but as the proportion of red clover increased to 40.5% the yield peaked. 
However with greater than approximately 50% red clover, the yield started to decline again. At 
greater than 40.5% red clover the proportion of weeds also began to increase.  
Composite desirability (D) and individual desirability (d) are indices scaled from 0 to 1 and quantify 
the relative improvement of the responses (yield and weeds). The composite desirability assesses 
how well the combination of variables satisfies the goals of zero weeds and the greatest possible 
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yield, it is the weighted mean of the individual desirability’s (maximum yield and minimum weed 
content). 
4.4 Species separation analysis 
The special cubic model of sowing treatment shows that alternate row sowing (i.e. species 
separation) had no effect on yield or the proportion of weeds (Table 16 & 17). This is shown by the 
absence of any significant differences among the interaction terms or the components. An ANOVA of 
the actual data also found there was no difference in yield between the mixtures sown in alternate 
rows and those same mixtures sown together (P= 0.355) (Table 12). There was also no difference in 
actual weed content between the mixtures sown in alternate rows and those same mixtures sown 
together (P= 0.281) (Table 12). The alternate drill row sowing method had no effect on yield, 
composition or weed suppression in the first year.  
The special cubic models, which incorporate the sowing method treatment and the three species 
ryegrass, plantain and white clover for total annual yield and weed content are as follows: 
Yield = 18702x1 + 15834x2 + 14718x3 - 1029x1x2 + 19457x1x3 + 28324x1x4 - 
52723x1x2x3 – 1231x1x2*treat - 7699x1x3*treat + 1515x1x4*treat + 6737x1x2x3*treat + ε 
 
Weed content= 0.0227x1 + 0.0399x2 + 0.1376x3 – 0.0110x1x2  - 0.2045x1x3 – 
0.1943x1x4 + 0.2298x1x2x3 + 0.0087x1x2*treat + 0.0096x1x3*treat + 0.0414x1x4*treat + 
0.1297x1x2x3*treat + ε 
 
Where x1, x2 and x3 are the proportions of ryegrass, plantain and white clover in the seed mix, 
respectively, treat is the sowing methods coded as -1 for species sown together and 1 for species 
sown in alternate rows and ε is the error term.  
As there were no significant interactions that involved the sowing method treatment (Table 16 & 17), 
we can therefore use the previous parsimonious models with up to four species (Table 13 & 15) to 
describe the yield and weed content of mixes with species sown together and sown in alternate 
rows. 
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Table 16: Estimated coefficients and analysis of variance for total annual yield of ryegrass, plantain 
and white clover two-species mixtures and ryegrass, plantain, white clover three-species 
mixture sown together and in alternate rows.  
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Table 17: Estimated coefficients and analysis of variance for weed content of ryegrass, plantain and 
white clover two-species mixtures and ryegrass, plantain, white clover three-species 
mixture sown together and in alternate rows.  
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Chapter 5 
Discussion 
5.1 Species effect 
Perennial ryegrass, plantain, white clover and red clover all performed similarly as monocultures in 
terms of total annual dry matter production for the first year of growth (Table 12). The mean annual 
dry matter monoculture yields ranged from 14718 to 18702 kg DM/ha. Similar yields between the 
legumes and non-legumes may be explained by the depletion of nitrogen in the soil, as no fertiliser 
nitrogen was applied. In a high soil nitrogen environment it would be expected that ryegrass 
monocultures would yield greater than clover monocultures (Davidson & Robson 1986). In the same 
trial Anderson (2015) found that ryegrass monocultures had greater yields than the other three 
species, these measurements were taken in the establishment phase, when there was probably high 
mineralization of N in the soil from cultivation of the site. However in a low soil N environment the 
non-legume growth is nitrogen limited whereas legumes are not limited as they can fix their own 
nitrogen. Therefore it was speculated that this was why the non-legume and legume species herbage 
yields were equivalent. There is evidence of an N deficiency in the soil at the site as obvious urine 
patches were observed (Plate 2). This highlights the value of legumes in low nitrogen soils. 
Plate 2: Mixture numbers 1 and 5, ryegrass monoculture (left) and perennial ryegrass-plantain two-
species mixture (right), on 23rd May 2016 prior to grazing. Note: the obvious urine patches. 
 53 
 
Ryegrass and plantain were the more dominant species across all the mixtures they were sown in, 
compared to the white clover and red clover (Figure 16). This may have been due to their strong 
competition at establishment. Both ryegrass and plantain are large seed species; the tetraploid 
perennial ryegrass and plantain had thousand seed weights of 3.6 g and 2.7 g, respectively, whereas 
red clover had a thousand seed weight of 2.1 g and white clover had a much smaller seed with a 
thousand seed weight of 0.9 g for its coated seed. Larger seeds are known to be faster at 
establishing, as seed weight is closely correlated to seedling size. Evans (1973) found that 26 days 
after germination heavier seeds produced greater shoot and root weights (Table 18). Anderson 
(2015) also found that ryegrass and plantain produced larger seedlings than white clover and red 
clover due to their larger seed sizes compared to white clover and red clover. In the Anderson (2015) 
study the shoot dry weights of ryegrass and plantain were ranged from 17 to 36 mg, whereas the 
shoot dry weights of white clover and red clover ranged from 1.2 to 6.9 mg, 40 days after the autumn 
sowing. Therefore the ryegrass and plantain had greater light interception, which was clearly shown 
by greater leaf area indexes (LAI) for ryegrass and plantain monocultures (2.17 and 2.43, 
respectively) in comparison to the LAI for white clover of 0.16 and red clover of 0.40 (Anderson 
2015).  
Table 18: Seed weight and plant size of perennial ryegrass and white clover 26 days after 
germination (Evans 1973). 
 
In the mixtures, white clover did not have high contributions to total annual yield, no greater than 
26% across all mixture combinations it was included in (Table 12). This is likely to have been due to a 
lack of establishment rather than a lack of persistence. Moot et al. (2000) published that white and 
red clovers are relatively fast to reach emergence (150°Cd and 120°Cd, respectively), similar to 
perennial ryegrass (160°Cd). However after emergence clovers are slow to establish compared to 
plantain and perennial ryegrass. The first leaf of ryegrass is generally larger than that of white clover 
and the second shoot of ryegrass appears earlier than clover. Therefore ryegrass can intercept more 
light earlier, giving the plant a competitive advantage.  
 Seed weight (mg) Shoot dry weight (mg)  Root dry weight (mg) 
Perennial ryegrass 1.79 28.1 11.0 
White clover 0.74 7.8 4.2 
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Another reason for low white clover total annual yields may have been because of white clover’s 
sensitivity to cool temperatures. This may have impacted its growth in the cooler months of the year. 
Beinhart (1963) stated that dry matter production of white clover was reduced at less than 10°C. In 
August and September 2015 the mean air temperatures were below 10°C (Figure 5), suggesting that 
temperature may have been an influential environmental factor causing the low white clover yields. 
The cooler temperatures likely had less of an impact on ryegrass. Also the plots were autumn sown 
on 26th March heading into the cooler months, and therefore it may have meant ryegrass got a ‘head 
start’ as it may have produced greater amounts earlier. Williams (1970) published that white clover 
generally started growing 2-3 weeks later in the growing season and ceased growth earlier than 
many ryegrasses grown in the United Kingdom. However seasonal yield data is not covered in this 
dissertation. These effects may not have been as evident if the plots had been spring sown when the 
temperatures may be warmer.  
In terms of weed suppression, species monocultures had differing weed suppressing ability 
depending on the species type. Ryegrass and plantain had greater suppression of weeds than white 
clover and red clover (Table 12). These results disagree with the findings of Frankow-Lindberg et al. 
(2009) in Table 6, as ryegrass had a lower weed content than other species. All of the mixtures 
suppressed weeds well (no more than 3% weeds), except for mixture number 10. The white clover-
red clover two-species mix was the only two-species mixture to have a higher proportion of weeds 
(average 18%) than the other mixes. Kirwan et al. (2007) also found that mixtures suppress weeds 
better than monocultures. Ryegrass and plantain were more aggressive competitors for resources 
than clovers and are therefore able to suppress the invasive species better. Clovers are also known to 
support the success of weeds as they provide an N supply for the weeds (Temperton et al., 2007). 
Another reason why the clover plots had a higher proportion of weeds is because of their poor 
seedling vigour during establishment (Anderson 2015). The poor vigour of seedlings may have 
provided open ground area, which allowed weeds to occupy the space.  
Four of the six the two-species mixtures yielded greater than all of the species sown as monocultures 
(Table 12). The two-species mixtures that yielded greater were those that had a combination of 
species from different functional groups, i.e. one legume and one non-legume. This result was most 
likely because of the nitrogen fixing abilities of legumes, which benefits the non-legumes growing 
amongst them (Lüscher et al. 2014) and these species interactions caused a synergistic effect on total 
yield and weed content. However on the other hand, the mixtures that contained two legumes 
(white clover and red clover) or two non-legumes (ryegrass and plantain) did not yield less than the 
monocultures but they were no greater. As there were no white clover to red clover interactions or 
plantain to ryegrass interactions because they are both from similar functional groups and compete 
for similar resources. With regard to light interception, the growth form of ryegrass and plantain 
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compliment the clover growth form well, ryegrass and plantain grow taller more upright leaves, 
whereas clover has more horizontal leaves (Harris 2001). In the two-species mixtures there was no 
difference between perennial ryegrass with red or white clover and plantain with red or white clover 
(Table 12) The three-species mixtures that contained perennial ryegrass and red clover with either 
white clover or plantain produced greater yields than the perennial ryegrass, plantain and white 
clover mix.  
The dry matter yields and proportion of weeds of the pure swards offer a basis for explanation of the 
yields and weed suppression of each mixture. All four species produced similar yields when grown as 
monocultures (Table 12), meaning they should all have the same contribution to the four-species 
mixture with equally sown proportions. However that theory did not hold for white clover because it 
only contributed an average of 5% to the total annual yield of the four-species even mixtures. As 
white clover proportions of yield were low in other mixtures we would expect the four-species 
mixture that was sown dominantly with white clover to have a lower yield. However the mean total 
yield for the white clover dominant four-species mixture of 21965 kg DM/ha was not different from 
any of the other four-species mixtures. Furthermore the mean proportion of white clover in the 
herbage yield of the white clover dominant four-species mixture after the first year was only 14%, 
compared to the 62.5% of white clover sown in the seed mix. This means that regardless of the white 
clover being sown dominant, the other species in the mixture particularly ryegrass and plantain 
increased their proportion in the herbage yield compared to the seed mix. In terms of total yield it 
means they have essentially covered for the low contribution of white clover to yield, as the other 
species have managed to keep the total yield similar to the other four-species mixtures. Similarly, it 
would be expected that as ryegrass and plantain suppress weeds well as monocultures that when 
they were sown as the dominant species in a four-species mix they would have better weed 
suppression than the four-species mixtures sown dominantly with red or white clover. However all of 
the four-species mixtures had similar weed suppressing abilities because weed contents were only 
about 0 to 4%.  
5.2 Species richness 
There was an advantage of having more than one species in a mixture with regard to yield and weed 
suppression, but there was no greater effect on yield by including more than three species in a mix 
(Table 12). The mean total annual dry matter yields of mixtures ranged from 17221 to 25341 kg 
DM/ha. The yield advantage was dependent on the type of species included in the mixture. If the 
species in the mix were from the same functional group (i.e. legume or non-legume) there was no 
benefit. The magnitude of the benefit from two-species to three-species was much less than from 
one-species to two-species. This may have been due to greater competition in the monoculture 
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swards compared to the mixture swards as the plants in the monoculture plots might have been 
competing for the same resources (de Wit 1960).  
In terms of species richness, the results from this trial were similar to those found by Sanderson et al. 
(2005). They found that mixtures with three to nine species produced greater yields than two-species 
mixtures and monocultures. However, Sanderson et al. (2005) only tested a two-species mix of 
cocksfoot and white clover. The experiment did not test all the possible two species combinations of 
the nine species, where this trail did test all possible combinations of the four species. Therefore, if 
for example the perennial ryegrass and white clover, or the chicory and red clover, combinations had 
been tested in the Sanderson et al. (2005) trial the results may have differed and may have been 
more similar to the result found in this study which was only a small increase in yield by including a 
third species.  
In this study, the species richness effect on weed suppression was only up to two species, with no 
further reduction in weed content by including more than three species. However this richness effect 
also depended upon the type of the species used, because the white clover, red clover and white 
clover-red clover plots had the most weeds, while ryegrass and plantain monoculture plots has weed 
contents as low as all the other mixture plots. This may have been because weeds are suppressed by 
species diversity (Frankow-Lindberg et al. 2009), for the weed to succeed it means it needs to be able 
to compete with more than one species type. There was no benefit of adding a third or fourth 
species to the mix, except for adding a non-legume to the white clover and red clover two-species 
mixture. Therefore, for the pasture mix to supress weeds effectively it needed to include either 
ryegrass or plantain or both ryegrass and plantain.  
5.3 Relative abundance 
The evenness of proportions of species in the seed mix had no effect on dry matter production or 
weed suppression (Table 12). It would be expected that if species were sown at equal proportions 
they would have equal proportions in the herbage mix (Kirwan et al. 2007), or if one species was 
sown dominantly it would be expected that it would remain the dominant proportion in the herbage 
mix. However this was not the case because the sown species appeared to perform differently in the 
mixtures than they did in the monocultures. In particularly, white clover yielded the same as the 
other three species when sown in a monoculture, but yielded less than expected in all of the 
mixtures. No pattern of greater herbage yield for mixtures with increasing species evenness was also 
found by Sanderson et al. (2013). The weed suppression results agreed with the findings of 
Sanderson et al. (2013) who also found no differences in weed suppression among mixtures 
dominated by one species and mixtures with an equal proportion of species. The results indicated 
that there was no evidence that total yield and weed suppression were greater for mixtures with 
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equal proportions of four species. However because the species composition in the herbage yield 
was closely related to the species composition in the seed mix, albeit for three of the four species, 
then an even seed mix would more than likely result in herbage yields with an even contribution of 
all species in the mix.  
5.4 Species separation 
The effect of a yield benefit from species separation was not present (Table 12 and Figure 17). The 
plots that were sown with ryegrass, white clover and plantain in alternate rows had similar yields to 
the plots where the same species were sown together in the same rows. Furthermore, the 
proportions of the sown species in the total yield and the proportion of weeds were also very similar 
between the two sowing methods. This meant that the mixture model did not need to account for 
sowing method to predict the optimum seed mix. 
5.5 Optimum pasture mixture 
From the optimization response of the mixture regression model the optimum pasture mixture for 
this site and management was found to contain 30% perennial ryegrass, 30% plantain, no white 
clover and 40% red clover. This model analysis showed that this mixture achieved the maximum dry 
matter yield and the minimum proportion of weeds. White clover was found to be less important 
than the other species because it contributed poorly to yield and weed suppression. In contrast a 
substantial proportion of the seed mix was credited to red clover. Legumes play an important role in 
a seed mixture because their positive interaction with non-legume species leads to greater herbage 
yields, compared to the simple mean yields of legume and non-legume species (Baylor 1974). The 
proportions of the ryegrass, plantain and red clover in the seed mix were also relatively evenly 
spread among the three species, because the analysis revealed no benefit of having a mix dominated 
by one or more of the species.  
The species proportions in the optimum seed mixture in practical terms at a seed rate of 833 
seeds/m2 equates to 9.0 kg/ha of perennial ryegrass, 6.7 kg/ha of plantain and 7.0 kg/ha of red 
clover, which gives a total sowing rate of 23.7 kg/ha.  These sowing rates can be calculated by 
multiplying the sowing rates used for the monocultures of each species in this study (i.e. 30, 22.5 and 
17.5 kg/ha, Table 9) by the species proportions in the optimal mix. When this optimum seed mix is 
compared to most commercial seed mixes, it is obvious that the total sowing rate is lower, it contains 
much less ryegrass, more plantain and more red clover than seed companies are currently 
recommending (Table 1). This optimum seed mix contains three species, but the proprietary mixes 
being recommended in New Zealand often include four to five species, with perhaps more than one 
cultivar of white clover. However it should probably not be recommended to exclude white clover 
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from a seed mix based on the evidence that it did not contribute to the mixtures in the first year. It is 
likely to offer a greater contribution over the next few years, particularly if the red clover starts to 
decline.  
Using the parsimonious models for annual yield and weed content the optimum pasture mixture 
proportions gave a weed content of 1.7% and an annual yield of 25957 kg DM/ha. The same models 
were used to calculate the yield and weed content of the Agricom seed mix (Table 1), which 
contained 18 kg/ha perennial ryegrass, 2 kg/ha plantain, 5 kg/ha white clover and 4 kg/ha red clover. 
The Agricom mix has a diploid ryegrass, whereas this model is based on a tetraploid ryegrass, so for 
this simulation it was assumed that diploid and tetraploid cultivars behave the same. The species 
proportions were based on seed count. The thousand seed weights used to calculate the proportions 
were the same as used for this experiment, except 2.0 g was used for diploid ryegrass and 0.7 g was 
used for white clover bare seed. The proportions worked out to be 48% ryegrass, 4% plantain, 38% 
white clover and 10% red clover, which gave an annual yield of 23581 kg DM/ha and a similar weed 
content of 1.1%. This shows that the optimum seed mixture found in this experiment provided a 
2376 kg DM/ha greater yield than a proprietary seed mixture.  
5.6 Practical implementation 
The model generated from this experiment is of value to New Zealand farmers, especially in 
Canterbury, as it provides a tool to predict dry matter yields and weed content for ryegrass, plantain, 
white clover and red clover pasture mixtures they may be considering planting. The results of this 
study signal to farmers that legumes are vital in a pasture mixture, but there is no benefit of having 
more than three species in a mixture. This experiment shows that understanding of species 
interactions is crucial when formulating pasture mixtures. New cultivars of species are regularly being 
created, but their performance is often only being tested in monocultures. There should be some 
form of mixture testing on new cultivars to see how they perform with other species.  
5.7 Further research 
Future studies within this trial could include finding the nutritive value of each of the pasture 
mixtures, as some mixtures may be producing high amounts of dry matter and suppressing weeds 
well but are of poor nutritional quality. Increasingly agronomists are looking for more scientific 
information based on the metabolisable energy of different pasture mixtures, as farmers 
understanding of pasture quality broadens.  
Farmers desire a pasture mixture that produces a high quantity of feed all year round.  Therefore 
investigation into the seasonal data and how the dry matter production and proportion of weeds 
change in response to seasonal changes would be beneficial. The continuity of this trial would be of 
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value to farmers and agronomists, to observe the persistence of each species in the pasture 
mixtures, especially as plantain and red clover are known to be relatively short-term pastures (Bos & 
Kuiper 1992; Sanderson et al. 2005).  
It would also be of interest to study the dry matter production and weed suppression responses of 
the mixtures to the application of nitrogen fertiliser, as this may alter the species effect. It may be of 
some interest to look into the post grazing trends, as the sheep may have a preference for grazing 
particular species. In this trial mowing the plots after each grazing minimized the effects of 
preferential grazing as the plots were mown to the same pasture residual.  
Further trials may look into the response of animal production (live weight gain) on different pasture 
mixtures. However due to the plot size in this experiment another experiment would need to be 
formed, so that each mixture could be individually grazed.  
5.8 Conclusion 
 Perennial ryegrass, plantain, white clover and red clover all had similar yields when they 
were grown in monocultures.  
 Mixtures had greater dry matter production than monocultures in the first year of growth. 
However in the two-species mixtures this was dependent on the identity of species in the 
mix, the white clover-red clover mixes and the ryegrass-plantain mixes did not yield greater 
than the best performing monoculture. While the four two-species mixtures with ryegrass or 
plantain mixed with white clover or red clover all performed similarly. 
 There was no yield benefit of including more than three species in a pasture mix. 
 White clover had poor contribution to total yield, while perennial ryegrass and plantain 
dominated the majority of the mixtures they were included in.  
 The evenness of proportions of species in the pasture mix had no effect on dry matter 
production or weed suppression.  
 Perennial ryegrass and plantain had greater weed suppression than white clover and red 
clover when grown in monocultures.  
 All of the mixtures had greater weed suppression than the average weed suppression of 
monocultures except for the white clover-red clover two-species mix. 
 There was no weed suppression benefit of including more than two species in a pasture mix. 
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 Species separation had no effect on dry matter production or weed suppression.  
 The special cubic model predicted the optimum seed mixture to include 30% perennial 
ryegrass, 30% plantain and 40% red clover. With the exclusion of white clover from the 
pasture mix.  
 Further research should look into the nutritive value of these pasture mixtures.  
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